SUMMARY
INTRODUCTION
Repeated administration of subconvulsive focal electrical stimuli to certain brain structures results in the progressive development of intense and generalized seizures termed kindled seizures (Goddard et al. 1969) . This alteration in neuronal excitability is considered to be permanent (Cain 1989) and has been proposed to be a model of human temporal lobe epilepsy and complex partial seizures (McNamara et al. 1989; Sato et al. 1990b ). The cellular mechanisms responsible for this form of persistent neuronal plasticity have, however, remained elusive. Accumulated evidence suggests that the amygdala is involved in temporal lobe epilepsy (Bruton 1988) and is one of the areas most sensitive to induce kindling regardless of the site of stimulation (Kairiss et al. 1984) . Furthermore, the basolateral nucleus of the amygdala (BLA) is one of the areas most often selected to induce kindling (Burnham 1975; Le Gal La Salle 1981; Racine and McIntyre 1986) . Hence, the amygdala kindling model of epilepsy allows the examination of long-term changes in neuronal excitability associated with epileptogenesis.
In the amygdala, alterations in excitatory amino acid (EAA) transmission (Croucher and Bradford 1989; Mori et 1. 198Q·Mori ClndWada 1989; Peterson et aL 198:<) and/ or inhibitory ')'-ammobutyric aCld (GABA) transmISSIOn (Gean et al. 1989; Itagaki and Kimura 1986; Loscher and Schwark 1985, 1987; Haluska 1986, 1987) are thought to contribute to epileptogenesis. Excitatory synaptic transmission in several neuronal networks, including the amygdala (Rainnie et al. 1991a) , is mediated through glutamate receptor activation. Postsynaptic glutamate receptors are generally classified into the ionotropic subtypesnamely, kainate (Ka), quisqualate (Quis), and N-methyl-D-aspartate (NMD A ) receptor-and the metabotropic receptor subtype, which is linked to a second-messenger system (for review see Monaghan et al. 1989) . NMDA receptors do not normally participate in low-frequency synaptic transmission in most brain regions, with some exceptions (Jones 1987; Nakanishi et al. 1988; Sutor and Hablitz 1989; Thomson et al. 1989; Thomson and Radpour 1990) . In the BLA, however, we have shown that electrical stimulation of either the stria terminalis (ST) or lateral amygdaloid nucleus (LA) evoked a dual-component excitatory postsynaptic potential (EPSP) (Rainnie et al. 1991a ). The EPSP consisted of both a fast non-NMDA Ka/Quis-receptor-mediated component (f-EPSP) and a slow NMDA-re-ceptor-mediated component (s-EPSP). The NMDA-receptor-mediated component was recorded in brain slices from control animals, bathed in physiological concentrations ofMg 2 +. It has been reported that in the hippocampus NMDA receptors participate in synaptic transmission only after kindling (Mody and Heinemann 1987) , blockade of GABAergic receptors (Dingledine et al. 1986 ), or removal of Mg 2 + blockade by high-frequency stimulation (Collingridge et al. 1988) . However, NMDA receptor activation has been reported to occur in hippocampal local circuit transmission in control artificial cerebrospinal fluid (ACSF; Thomson and Radpour 1991) . Furthermore, Gean et al. ( 1989) observed that a component of burst-firing responses in kindled BLA neurons was sensitive to the NMDA antagonist DL-2-amino-5-phosphonovaleric acid (APV), suggesting that in kindling, NMDA-mediated transmission was increased in the amygdala. However, neurochemical studies have shown that NMDA agonist binding and NMDA-stimulated noradrenaline release are unchanged in the amygdala and hippocampus after kindling (Jones and Johnson 1989), whereas NMDA antagonistand glycine-binding densities are increased in the hippocampus (Yeh et al. 1989) . We have investigated the possibility that the increased excitation observed in BLA neurons after kindling involves not only the NMDA-mediated EAA component of synaptic transmission but also the Ka/ Quis-mediated EAA component. Furthermore, we have tested whether the enhanced excitatory transmission can be accounted for by a reduction in GABAergic inhibition.
METHODS
Male Sprague-Dawley rats (140-150 g) were anesthetized with Equithesin (35 mg/kg sodium pentobarbital and 145 mg/kg chloral hydrate, 3.5 ml/kg ip) and implanted with bipolar electrodes in the BLA of the left hemisphere (2.3 mm posterior to bregma, 8.5 mm ventral to the skull, and 4.8 mm lateral to the midline) using coordinates from Paxinos and Watson ( 1986) . The stimulating electrode consisted of a pair of twisted stainless steel wires, insulated except for the final 0.25 mm of the tip. Electrical stimulation of the amygdala was initiated after a postimplantation recovery period of 5 days. The stimulation consisted of a I-s train of 60-Hz monophasic square waves, each I ms in duration and 500 JiA in amplitude, administered once daily. Behavioral seizure severity was monitored using the ranking scale of Racine ( 1972) : O. no response to stimulation; I. mouth and facial movements; 2, head nodding; 3. forelimb clonus; 4, all of the above plus rearing on hindlimbs; 5. fully kindled seizure, all of the above plus loss of balance. Kindled rats developed generalized seizures after application of an average of 10 ± 2 (SD, n = 45) stimuli. The electrode placements in the BLA were histologically verified. Contralateral brain slices were prepared 2-12 wk after the last of three consecutive fully kindled (stage 5) seizures. Control slices were prepared from unoperated animals because both unoperated and unstimulated-implanted animals have previously been shown to have a similar EPSP-inhibitory postsynaptic potential (IPSP) waveform on stimulation of the ST (Gean et al. 1989 ).
Brain slices from control and kindled animals were prepared as follows: animals were decapitated and the brain rapidly removed and placed in cold oxygenated ACSF solution. Subsequently. the brain was hemisected and cut transversely posterior to the first branch and anterior to the last branch of the superior cerebral vein. The resulting section was glued to the chuck of a Vibroslice tissue slicer (Campden Instruments). Transverse slices of 500 Jim thickness were cut and the appropriate slices placed in a beaker of oxygenated ACSF at room temperature for ~I h before recording. The ACSF was of the following composition (in mM): 117 NaCl, 4.7 KCI, 2.5 CaClz, 1.2 MgClz, 25 NaHC03, 1.2 NaHz P04, and II glucose. The ACSF was bubbled with 95% Oz-5% COz and had a pH of7.4.
In the recording chamber the slice was fully submerged and maintained at 32 ± 2°C with continuously superfused ACSF. Microelectrodes we'repulled from fiber-filled capillary tubing ofborosilicate glass with a Flaming-Brown micropipette puller (Sutter Instruments, mode I P-90). The resistance of the microelectrodes filled with 4 M K acetate ranged between 70 and 150 Mr!. On-and off-line data acquisition and analysis were accomplished using an Axolab 1100 interface (Axon Instruments) between an Axoclamp-2A preamplifier and a Dell 310 personal computer utilizing Pclamp 5.03 software programs (Axon Instruments). Data were stored as analog signals for later analysis on videocassettes using an adapted videorecorder (A. R. Vetter. model 420B ) and as hard copy on a Gould (model 3400 ) chart recorder. Intracellular recordings were considered acceptable if neurons exhibited overshooting action potentials and showed stable membrane potentials more negative than -60 mV in the absence ofa DC holding current. The bridge balance was carefully monitored throughout the experiments and adjusted when necessary.
Synaptic potentials were elicited orthodromically (150-Jis square-wave pulses) in slices from control and kindled animals. One bipolar stainless steel electrode (Kopf Instruments, SNE-200X, effective resistance 50 Mr!) was used to stimulate electrically the ST; another was used to stimulate the LA. Stimulus intensities, generated by a Grass S88 stimulator. were adjusted to just subthreshold for orthodromic spike generation. EPSPs were characterized according to their amplitude and 10-90% rise time as recorded in the postsynaptic neuron. The value of the time from 10 to 90% of the peak amplitude of the EPSP was determined using the Pclamp (5.03) software. In kindled neurons the duration of the primary burst (PB) was measured from the onset of the burst until the membrane potential returned to the baseline level. Durations of the secondary bursts (SBs) were not measured. All data are expressed as means ± SE; in all cases, n = number of neurons. Synaptic potentials in figures are averages offive consecutive traces except where noted. Stimulation artifacts have been erased to avoid confusion with early synaptic potentials. Data were analyzed statistically by use of the unpaired Student's I test. Statistical significance was determined at the level of P <;; 0.05.
For the purposes of this study, the rapid-onset, APV-insensitive EPSP will be called the f-EPSP and the slow, APV-sensitive EPSP the s-EPSP as previously reported (Rainnie et al. 1991a) .
All drugs were applied by superfusion in the ACSF and introduced into the recording chamber by means of a three-way stopcock. The drugs used in this study were APV (50 JiM; Research Biochemicals, Natick, MA); bicuculline methiodide (BMI; 30 JiM; Sigma Chemical, St. Louis, MO); and 6-cyano-7-nitroquinoxalline-2,3-dione (CNQX; 10 JiM; Tocris Neuramin, Essex, UK).
RESULTS

Intrinsic properties of BLA neurons
Intracellular recordings were obtained from neurons of the BLA (Fig. 2A, position 1 seizure. Kindling, however, caused no significant alteration in the resting membrane potential (RMP; control: -67.2 ± 1.2 mY, n = 120; kindled: -66.7 ± 2.3 mY, n = 53; P> 0.05) of BLA neurons. Furthermore, no significant difference was observed in either the number of action potentials generated by a transient (200 ms) depolarising (0.4 nA) current injection (control: 4.1 ± 0.6, n = 8; kindled: 4.6 ± 0.7, n = 8; P> 0.05; Fig. I,A and B) or the membrane input resistance (R N ; control: 47.2 ± 4.0 MQ, n = 10; kindled: 48.2 ± 2.8 MQ, n = 8; P> 0.05) measured at -60 mV or at more hyperpolarized potentials (Fig. 1C) . Note that the difference in the posts pike afterhyperpolarization represented in Fig, 1 ,A and B, does not represent an alteration in intrinsic firing properties after kindling, as both responses were observed with equal frequency in control and kindled neurons.
Evoked synaptic potentials
Stimuli were applied to the LA or the ST to evoke synaptic potentials in the BLA ( Fig. 2A , positions 2 and 3, respectively). As reported previously (Rainnie et al. 1991a,b) ,
Kindling dramatically alters the evoked synaptic waveform in BLA neurons. A: schematic of the area of the rat brain used in the slice preparation, with positions marked for 1, the recording electrode; 2 and 3, stimulating electrodes in the lateral nucleus of the amygdala (2) and stria terminalis (ST; 3). B: typical synaptic waveform in control neurons recorded at -65 mY consisted of an EPSP, f-IPSP, and subsequent s-IPSP evoked by electrical stimulation (20 Y, ) of the ST. C: after kindling, stimulation of the ST (8 Y, ) evoked a characteristic burst-firing response consisting of a primary burst (PB) and a secondary burst (SB) in BLA neurons. stimulation of the ST or LA evoked either a bi-or a multiphasic synaptic waveform (Fig. 2B) consisting of an EPSP, fast-IPSP (f-IPSP), and subsequent slow-IPSP (s-IPSP) in BLA neurons held at -65 mY with DC current injection. In contrast, at the same membrane potential, stimulation of these pathways in slices from kindled animals evoked burstfiring responses in BLA neurons (Fig. 2C) . Although evoked burst-firing responses varied greatly from neuron to neuron, in general, a PB, originating 1-3 ms after ST or LA stimulation and having a mean duration of 90.4 ± 21.6 ms (n = 10), was followed by one or more secondary bursts (SB; Fig. 2C ). In addition, the stimulus intensities, applied to the ST, that evoked burst firing in kindled neurons were significantly lower than those required for action potential generation in control slices (control: 14.2 ± 2.6 Y, n = 15; kindled: 7.6 ± 1.0 Y, n = 19; P < 0.05).
NMDA-and non-NMDA-receptor-mediated synaptic potentials in control BLA neurons
Because of the reported sensitivity of burst-firing responses in BLA neurons to the NMDA receptor antagonist APY (Gean et al. 1989) , we examined the relative contribution of NMDA and non-NMDA EAA-receptor-mediated potentials in control and kindled BLA synaptic transmission using the specific EAA antagonists APY and CNQX. A typical response to ST stimulation is shown in Fig. 3A . Here ST stimulation ( 15 Y) evoked a multiphasic response at -60 mY consisting of an EPSP, an f-IPSP, and an s-IPSP. The EPSP increased in amplitude on membrane hyperpolarization; in contrast, the f-IPSP decreased in amplitude and reversed polarity between ~70 and -80 mY, whereas the s-IPSP gradually decreased in amplitude and nullified at -90 mY. Addition of APY (50 , 11M) to the superfusate markedly reduced the amplitude of both the fand s-IPSPs but had little or no effect on the amplitude or voltage dependence of the EPSP ( Fig. 3B ; see also Rainnie et al. 1991a ). In the same neuron CNQX (10 ,11M) abolished the f-and s-IPSPs and the f-EPSP (rise time 10-90%: 6 ± 1ms) and revealed the presence of an s-EPSP (rise time: 19 ± 1.5 ms), the amplitude of which decreased with membrane hyperpolarization (Fig. 3C) . This s-EPSP could be completely abolished with subsequent addition of APY (50 ,11M) to the superfusate (Fig. 3D) .
Effects of kindling on NMDA-and non-NMDA-receptormediated responses in BLA neurons
The differing pharmacology and voltage sensitivities of the two EPSPs enabled each component to be studied independently of the other. We used these characteristics to compare the ST-and LA-evoked postsynaptic responses recorded at a membrane potential of -90 mY in the presence of APY (50 , 11M) to determine the contribution of non-NMDA receptor activation to the enhanced excitability seen with kindling and at -70 mY in the presence of CNQX ( 10 ,11M) to determine the contribution of NMDA receptor activation. The effect of kindling on the non-NMDA-receptor-mediated response is shown in Fig. 4 . Here, ST stimulation (10 Y) evoked a fast-onset, short-duration EPSP followed by a slower reversed IPSP (* )in control neurons recorded at -90 mY ( Fig. 4Aa ; see also Fig. 3A in Rainnie et al. 1991b ). Superfusion of APY (50 ,11M) had no effect on the f-EPSP amplitude but abolished the reversed IPSP (Fig. 4Ab) . The same stimulus intensity evoked a burst-firing response in a BLA neuron from a kindled animal (Fig. 4Ba) . Superfusion of APY reduced the duration of the PB by 35% and abolished the SBs (Fig.  4 Bb). APY consistently reduced the duration of the PB (28.4 ± 3.4%, n = 10), whereas it caused a variable reduction in the number of SBs. In agreement with Gean et al. ( 1989) , in 13/ 15 neurons tested, APY caused a reduction in the overall duration of both spontaneous and evoked bursts; in 1/15, APY caused a complete block of burst firing; and in 1/15, APY had no effect ( 14 animals). In contrast, in 8/9 neurons tested, CNQX caused a complete block of burst firing and in only 1/9 neurons did CNQX cause a reduction of overall burst duration (8 animals). These data suggested that kindling resulted in an enhancement of non-NMDA-mediated glutamatergic transmission. Similarly, the NMDA-receptor-mediated response appeared to be enhanced after kindling (Fig. 5) . For example, in a typical control neuron, ST stimulation (10 V) evoked a multiphasic waveform recorded at -70 mV (Fig.  5Aa) . Superfusion ofCNQX (10 IlM) blocked the f-EPSP and the f-and s-IPSPs, revealing an s-EPSP (Fig. 5Ab) . In contrast, in a BLA neuron from a kindled animal, a similar stimulus intensity evoked burst firing (Fig. 5Ba) . The burst firing was abolished on subsequent addition of CNQX, revealing the presence of an enhanced s-EPSP (Fig. 5Bb) . In those neurons measured, the NMDA-receptor-mediated responses obtained in neurons from kindled animals were significantly larger than those from control animals stimulated at equal intensities (s-EPSP amplitude, control: 1.4 ± 0.3 mY, n = 8; kindled: 3.0 ± 0.3 mY, n = 8; P < 0.05) when recorded at -70 mY. However, the increase in s-EPSP amplitude after kindling did not cause a significant increase in the 10-90% rise time of the s-EPSP (control: 19.0 ± 1.5 ms, n = 8; kindled: 22.5 ± 3.0 ms, n = 8). Furthermore, in the presence ofCNQX, the ST stimulus intensities required to evoke s-EPSPs just subthreshold for action potential generation were significantly lower (P < 0.05) in slices from kindled animals (10.7 ± 0.4 Y, n = 12) than in those from control animals (28.8 ± 6.3 Y, n = 10).
E/feet of kindling on GABAA-reeeptor-mediated responses in BLA neurons
We have previously reported (Rainnie et a!. 1991b ) that in control animals spontaneous IPSPs are observed in 58% (n = 57) of BLA neurons and that GABAergic f-IPSPs are the most frequently observed. Furthermore, Gean et a!. ( 1989) reported an absence of either spontaneous or evoked IPSPs after kindling. In agreement with Gean's previous study, we did not observe spontaneous IPSPs in any recording from neurons of kindled animals. In addition, no IPSPs could be evoked after stimulation of the ST in slices from kindled animals. In contrast, GABA-mediated fIPSPs could still be evoked after stimulation of the LA in 57% (4/7) of neurons tested. A comparison of the responses in the two pathways is shown in Fig. 6 . Here kindled neurons exhibited burst-firing responses on stimulation ( 10 Y) of either the ST (Fig. 6Aa) or LA (Fig. 6Ba) pathways in control ACSF. Addition ofCNQX (10 IlM) to the superfusate abolished the burst firing evoked in both pathways and revealed a typical s-EPSP in response to ST stimulation (Fig. 6Ab) . In contrast, LA stimulation evoked an f-IPSP that preceded the s-EPSP (Fig. 6Bb) . In the same neuron, superfusion of both CNQX (10 M) and APV (50 M) abolished the NMDA-receptor-mediated s-EPSP evoked by stimulation of either pathway. Stimulation of the ST (10 V) evoked a residual EPSP (Fig. 6Ae) , whereas stimulation of the LA elicited only an IPSP (Fig. 6Be) , which was enhanced in amplitude and duration in the presence of CNQX and APV. Subsequent addition of sodium pentobarbital (NaPB) to the superfusate further enhanced the amplitude and duration of the IPSP evoked by LA stimulation (Fig. 6Bd) , whereas the EPSP evoked by ST stimulation was reduced in amplitude (Fig. 6Ad) . Furthermore, in the presence of NaPB, no inhibitory component was revealed on stimulation of the ST pathway. No significant difference was observed in the peak amplitude ( -5.5 ± 1.4 mY), time to peak (20.5 ± 5.5 ms), or duration (68.7 ± 15.1 ms; n = 4) of the LA-evoked f-IPSP in kindled neurons compared with the values observed on stimulation of the LA in control neurons (-5.3 ± 0.6 mY; 26.1 ± 0.8 ms; and 60.2 ± 10.1 ms, respectively; n = 9; P> 0.05).
The absence of spontaneous and ST-evoked lPSPs in BLA neurons from kindled animals suggested that the enhancement of both the f-and s-EPSP amplitude observed in these neurons may be due to disinhibition rather than enhanced EAA transmission. To test this hypothesis, we analyzed glutamatergic synaptic transmission in slices from both control and kindled animals in the presence of BMI (30 M) to block GABAergic f-iPSPs.
[<,jleet oj' bieuculline-mediated disinhibition on the amplitude of' NMDA-reeeptor-mediated s-EPSPs in BLA neurons from control and kindled animals
Superfusion of picrotoxin (Gean and Shinnick-Gallagher 1987) or BMI converted subthreshold synaptic responses elicited by stimulation of the ST or LA (Fig. 7A) to burst-firing responses (Fig. 7B ) in control neurons. In a fashion similar to that observed in kindled neurons. APV reduced the duration but did not block the BMl-induced burst firing (Fig. 7C) . However, the burst firing was completely blocked in the presence of 10 M CNQX (Fig. 7D) , revealing the presence of an s-EPSP (n = 8). As reported previously (Rainnie et al. 1991a) , the amplitude of the s-EPSP observed in the presence ofCNQX was 1.4 ± 0.3 mV in control neurons (n = 8). In contrast, the amplitude of the CNQX-insensitive s-EPSP was 3.0 ± 0.3 mV in kindled neurons (n = 8). We examined the effect of BMl on the s-EPSP recorded in CNQX in control and kindled animals. Typical responses to ST stimulation in the presence of CNQX ( 10 M) and BMI (30 M) are shown in Fig. 8 . In a slice from a control animal, ST stimulation ( 10 V) evoked a pronounced s-EPSP (Fig. 8A) recorded at -60 mY. The s-EPSP showed characteristics similar to that of an NMDAreceptor-mediated response, that is, decreased amplitude with membrane hyperpolarization and blockade by APV (50 ,uM, Fig. 8C) . Similarly, the amplitude of the s-EPSP in kindled neurons, recorded in response to the same ( 10 Y) stimulus intensity (Fig. 8 B) , was enhanced after addition of BM!. Like the control s-EPSP, the enhanced s-EPSP in kindled neurons decreased in amplitude with membrane hyperpolarization. A comparison of control and kindled s-EPSPs evoked in the presence ofCNQX and BMI showed that kindling caused a significant increase in the s-EPSP amplitude when recorded at -70 mY in response to 10 Y ST stimulation (control: 2.4 ± 0.5 mY, n = 8; kindled: 3.9 ± 0.4 mY, n = 8; P < 0.05). Furthermore, in CNQX and BMI, significantly lower stimulus intensities were required to evoke just subthreshold s-EPSPs in slices from kindled animals than in control neurons (control: 10.2 ± 2.4 Y, n = 10; kindled: 4.2 ± 1.0 Y, n = 7; P < 0.05). However, unlike control neurons, a depolarizing response in kindled neurons remained in CNQX and APY and was present at all mem brane potentials (Fig. 8 D) .
DISCUSSION
The present study has provided evidence that kindling of the BLA resulted in 1) a long-lasting enhancement of both the NMDA-and the non-NMDA-receptor-mediated synaptic transmission in the contralateral BLA evoked by stimulation of either the ST or the LA; 2) an enhanced transmission that was not dependent on disinhibition, because it was observed in the presence of the GABAA -receptor antagonist BMI; and 3) a pathway-specific decrease of feedforward inhibitory synaptic transmission in BLA neurons. Moreover, enhanced transmission did not appear to be due to alterations in the basic membrane properties ofBLA neurons after kindling, as no significant change was observed in R N , RMP, or firing properties.
EAA transmission and kindling
The two prevailing mechanisms proposed for the initiation and maintenance of seizures are increased excitatory and/ or decreased inhibitory amino acid transmission. The evidence of the present study suggests that in BLA neurons the former plays a predominant role in kindling-induced seizures. The EAA, glutamate and aspartate have been shown to be contained in nerve terminals in the amygdala ). Furthermore, EAA pathways innervating the amygdala have been reported to originate from numerous brain areas, including components of the limbic system, the entorhinal cortex, subiculum, and hippocampal CA I region . Moreover, we recently reported the presence of a glutamatergic EPSP having two components that can be elicited in BLA neurons by stimulation of either the ST or LA pathways (Rainnie et al. 1991a ). It has also been shown that gluta-mate and! or aspartate injected daily into the basolateral amygdala causes the development of limbic seizures (Croucher and Bradford 1989; Mori and Wada 1987; ); these EAA-induced seizures showed strong positive transfer to electrical kindling, indicating a possible similarity in the neurochemical mechanisms involved. Moreover, the seizures could be inhibited by the NMDA antagonists 2-amino-5-phosphonoheptanoic acid (AP7) and 3-[( ±)-2-carboxypiperazin-4-yl] -propyl-l-phosphonic acid (CPP), indicating a role for NMDA receptors in seizure expression in the amygdala (Croucher and Bradford 1989) . In support of this hypothesis, intra-amygdalar injections of NMDA antagonists have been shown to block amygdala seizures (Mori and Wada 1989; Peterson et al. 1983 ). However, in other studies, NMDA antagonists only retard the development of amygdala-kindled seizures (Cain et al. 1988; McNamara et al. 1988) . Furthermore, NMDA antagonists have been shown to block the induction but not the maintenance of e1ectrographic seizures in vitro (Stasheff et al. 1989) . In the present study, bursting was completely blocked by CNQX, a Ka!Quis antagonist, whereas APV, an NMDA antagonist, had little effect on the PB but completely blocked the enhanced s-EPSP and SBs in kindled neurons (Figs. 4 and 5) . The blockade of the SBs by APV indicates that these potentials probably result from a polysynaptic local excitatory network. The reduction of the PB duration by APV and its blockade by CNQX is similar to the action of these antagonists on picrotoxin-induced paroxysmal depolarizing shifts (PDSs) in neocortical neurons (Lee and Hablitz 1991) . Furthermore, the CNQXsensitive bursting and enhanced APV-sensitive s-EPSP in BLA neurons from kindled animals were elicited at stimulus intensities that were significantly lower than those in control animals. These data suggest that in kindling both NMDA-and non-NMDA-mediated synaptic transmission are enhanced in the BLA.
The enhancement, after kindling, of both the NMDAand non-NMDA-mediated components of BLA synaptic transmission reported here suggested that an overall increase in glutamatergic synaptic transmission may occur in the BLA. This was supported by the fact that, in this study, unlike hippocampal dentate granule neurons (Mody and Heinemann 1987; Mody et al. 1988) , no significant alterations in those basic membrane properties tested were observed after kindling. Similarly, no changes in basic membrane properties were observed after kindling in either hippocampal CAI neurons (Oliver and Miller 1985) or neurons of the pyriform cortex Wong 1985, 1986) .
In the BLA, the temporal overlap of a fast GABAergic IPSP with the EPSP suggested that the f-IPSP may play an important role in shunting excitation in control neurons (see Rainnie et al. 1991a) . Indeed, the similarity in the pharmacology of the BMI-induced burst firing (Fig. 8) and the kindling-induced burst firing was striking. These data, coupled with the absence of spontaneous or ST-evoked IPSPs in kindled neurons (Gean et al. 1989) , suggested that the enhanced EAA transmission may result from disinhibition of the local BLA circuitry. In fact, the mean amplitude of the APV-sensitive s-EPSP was enhanced in control BLA neurons on addition ofBMI (30 11M). However, in bicuculline, the APV-sensitive s-EPSP in kindled BLA neurons was still larger than that in control neurons. Hence, disinhibition cannot fully account for the enhanced EAA transmission that is observed with kindling in BLA neurons.
Three possible transsynaptic mechanisms may account for this enhanced transmission: 1) decreased EAA transmitter reuptake, 2) increased transmitter release from presynaptic excitatory terminals and! or an increase in the number of active nerve terminals, and 3) an increased number or sensitivity of postsynaptic EAA receptors.
Glial uptake and catabolism of glutamate have been proposed to be critical in controlling extracellular concentrations of glutamate (Benjamin 1983) . Indeed, an enhanced accumulation of glutamate in seizure foci has been reported to result from reduced glutamate uptake into glia or reduced glutamine synthetase (GS) activity (Dodd et al. 1980) . However, a long-lasting (4 wk) decrease in GS activity has been observed in the cortex but not the amygdala of amygdala-kindled rats (Tiffany-Castiglioni et al. 1990 ). Hence, it would appear that an alteration in glutamate catabolism is not responsible for the long-lasting enhancement of excitatory synaptic transmission observed in amygdala-kindled animals. However, the contribution of an altered glutamate uptake into glial cells has yet to be determined.
Data in the present study showed that in kindling, maximal EPSPs were elicited at stimulus intensities lower than those in control, suggesting that neurotransmitter release is enhanced. However, in the amygdala there are no reported studies examining the long-term effects of kindling on glutamate release. It has been reported that significant changes in glutamate release do not occur in the amygdala up to a stage 4 kindled seizure (Schmutz et al. 1985) , although increased release is observed on reaching full stage 5 seizures (Peterson et al. 1983 ). These data obtained in an acute situation may reflect transient alterations in release because of the seizure activity itself and not because of a long-lasting change underlying seizure activity. However, a long-term increase in glutamate release has been reported to occur in cortical slices 1 wk after the last kindled shock (Leach et al. 1985) and 4 wk after two consecutive stage 5 seizures in the regio inferior of the hippocampus (Geula et al. 1988; Jarvie et al. 1990) . It is possible, therefore, that a similar mechanism might mediate the enhanced glutamatergic transmission observed in BLA neurons in this study.
Enhanced glutamatergic transmission in kindling might also result from an increase in the number and! or sensitivity of one or all of the postsynaptic glutamate receptors. However, it has been reported that kindling evoked no significant changes in the autoradiographic or in situ hybridization measurements of Quis and Ka receptors in the amygdala (Gall et al. 1990; Okazaki et al. 1990) . Similarly, no significant long-lasting alterations in the density of NMDA antagonist-binding sites have been reported to occur in the amygdala after kindling (Sato et al. 1990a; Sircar et al. 1987) . Furthermore, Jones and Johnson ( 1989) reported that, in the amygdala, neither NMDA-induced noradrenaline release nor NMDA-sensitive glutamate binding were altered after kindling. The collective evidence suggests that, unlike neurons of the fascia dentata and CA3 region of the hippocampus (Mody and Heinemann 1987; ), the enhanced transmission reported here does not result from an increase in either the sensitivity or number of postsynaptic EAA receptors. Hence, as has been reported for the induction and maintenance of long-term potentiation (Bashir et aI. 1991; Brown et al. 1988) , the mechanisms underlying the kindling phenomenon may be region specific and regulated by alterations in presynaptic glutamate release.
Inhibitory amino acid transmission and kindling
Not only does the kindling phenomenon show regional specificity in the excitatory mechanisms underlying its induction and maintenance, but it also causes pathway-specific changes in inhibitory synaptic transmission. Previously, we reported that spontaneous or ST-evoked IPSPs were absent in slices from kindled animals, suggesting that disinhibition may contribute to epileptogenesis. Indeed, epileptiform activity can be induced by the GABA A receptor antagonists picrotoxin and bicuculline in the amygdala (Gean and Shinnick-Gallagher 1987; Rainnie et al. 1991b ; Uemura and Kimura 1988) , hippocampal CA 1 neurons (Schwartzkroin and Prince 1980), and entorhinal cortex (Jones 1988) . However, in the present study we observed the presence of a kindling-resistant IPSP evoked by stimulation of the LA pathway. The LA-evoked IPSP in BLA neurons from kindled animals was resistant to both APY and CNQX, suggesting that this was probably a direct inhibitory pathway between the two nuclei and that feedforward inhibition had been abolished in both the ST and LA pathways. In addition, in the hippocampus, the amplitude and duration of recurrent IPSPs recorded in CA 1 neurons, evoked by either alvear or stratum radiatum stimulation, were not altered in slices from kindled animals (Oliver and Miller 1985) at a time when GABA transmission via the Schaffer collateral-commissural pathway is reported to be reduced (Kapur and Lothman 1989) . These data suggest that disinhibition may be restricted to specific pathways.
Other data suggest that disinhibition cannot account entirely for changes induced by electrical kindling. For example, bidirectional transfer between electrically and bicuculline-induced kindling has been observed in the BLA, but more than one electrical stimulus is required to evoke a stage 5 seizure from an animal that has already been fully kindled with bicuculline (Uemura and Kimura 1990). These data suggest that changes induced by GABA disinhibition do not fully mimic those caused by electrical kindling.
Decreased GABA receptor binding has been reported in the amygdala after kindling (Loscher and Schwark 1987) ; however, this was observed in a synaptosomal preparation from the amygdala ipsilateral to the site of stimulation and not the contralateral amygdala as examined in the present study. Furthermore, Ka-induced seizures caused no significant change of benzodiazepine-or GABA-binding sites in the amygdala (Schliebs et al. 1989) . A downregulation of postsynaptic GABA A receptors on BLA neurons would be expected to affect both the direct (LA) and feedforward (ST and LA) pathways and hence cannot explain the apparent specific loss offeedforward IPSPs after kindling. It is possible, however, that a desensitization occurs in those postsynaptic GABA A receptors that underlie the terminals of GAB A interneurons that are driven by feedforward excitation. Two additional explanations may account for the loss of GABAergic IPSPs: I) a reduction of feedforward excitatory drive onto inhibitory GABAergic interneurons or 2) a direct reduction in transmission by GABAergic interneurons in the BLA.
It has been suggested that a seizure-induced loss of a basket cell-activating system may result in a loss of recurrent inhibition in hippocampal granule cells (Sloviter 1987) . However, it would seem unlikely that, at a time when increased excitatory transmission was being recorded in presumed class 1 pyramidal neurons of the BLA, a concomitant decrease in excitatory transmission onto inhibitory interneurons would occur within the same nucleus. Thus the most plausible explanation for these data would appear to be a direct reduction of GABAergic transmission. This hypothesis is supported by data showing that, after kindling, the number of neurons having GABA-like immunoreactivity is decreased in the contralateral BLA (Callahan et al. 1991) . The reduction of both feedforward IPSPs and GABA-like immunoreactivity could occur for several reasons, namely, I) reduced GABA synthesis, 2) neuronal depletion of GABA, or 3) degeneration of GABAergic interneurons.
The neurotoxicity of EAAs has been well documented (Garthwaite et al. 1986; Olney 1978 Olney , 1984 ; moreover, a specific depletion of GAB A-containing striatal neurons has been observed on lesioning with the neurotoxin quinolinic acid (Beal et al. 1986) . It is therefore possible that the train stimulation employed in the kindling paradigm causes an increase in EAA release to levels neurotoxic to a subpopulation ofGABAergic BLA interneurons, which would further contribute to the enhanced EAA transmission seen after kindling. The apparent specificity of the pathway involved may result from the direct interamygdaloid connection, which traverses the dorsal strial component of the ST (de Olmos 1976) . If this pathway utilizes glutamate as a transmitter, high-frequency stimulation of the ipsilateral amygdala may result in a concomitant high-frequency EAA release in the contralateral amygdala. Thus enhanced EAA transmission in the contralateral amygdala via the ST pathway could result in a disruption of the feedforward inhibition because of an excitotoxic effect on a subpopulation of GABAergic BLA interneurons. The contralateral BLA may, in fact, become a "mirror focus" of epileptogenic activity.
In conclusion, we have shown that kindling causes an increase in both the NMDA-and non-NMDA-mediated glutamatergic components of synaptic transmission in the BLA contralateral to the site of stimulation. We have also demonstrated a pathway-specific reduction in feedforward inhibition within the BLA, which may contribute to the induction and maintenance of the kindled state. Taken together, our results suggest that epileptogenesis in the amygdala results from a complex interaction between enhanced excitation and decreased inhibition. Our data imply that glutamate antagonists may be useful as preventive therapy after acute brain trauma, whereas a combination of gluta-
